The compressor of a gas turbine engine is extremely vulnerable on upstream ductinduced flow non-uniformities whether the duct is an engine intake or an interconnecting duct. This is justified by its position being literally an extension of the duct flow path, coupled to the fact that it operates under adverse pressure gradients. In particular, this study focuses on performance deviations between installed and uninstalled compressors. Test results acquired from a test bed installation will differ from those recorded when the compressor operates as an integral part of an engine. The upstream duct, whether an engine intake or an inter-stage duct, will affect the flow-field pattern ingested into the compressor. The case study presented here aims mostly at qualifying the effect of boundary layer growth along the upstream duct wall on compressor performance. Additionally, the compressor performance response on blade lean angle variation is also addressed, with the aim of acquiring an understanding as to how compressor blade lean angle changes interact with intake-induced flow non-uniformities. Such studies are usually conducted as part of the preliminary design phase. Consequently, experimental performance investigation is excluded at this stage of development, and therefore, computer-aided simulation techniques are used if not the only option for compressor performance prediction. Given the fact that many such design parameters need to be assessed under the time pressure exerted by the tight compressor development programme, the compressor flow simulation technique needs to provide reliable results while consuming the least possible computational time. Such a low computational time compressor flow simulation method, among others, is the two-dimensional streamline curvature (SLC) method, being also applied within the frame of reference of the current study. The paper is introduced by a brief discussion on SLC method. Then, a reference is made to the radial equilibrium equation, which is the mathematical basis of SOCRATES, a turbomachinery flow simulation tool that was used in this study. Subsequently, the influence of the upstream duct on the compressor inlet radial flow distribution is being addressed, with the aim of adjusting the compressor blade inlet lean angle, in order to minimize compressor performance deterioration. The paper concludes with a discussion of the results.
INTRODUCTION
Given the fact that compressors of gas turbine engine handle subsonic flow in most of the cases, their performance is affected by an upstream engine intake or by a compressor interconnecting duct. Such component interaction effects should be assessed and thus be taken into account during the preliminary design phase of a compressor. Alternatively, design modifications may need to be introduced to an existing compressor design that is installed behind a new duct design. The aim in the former case is to prevent compressor performance degradation because of installation effects.
Compressor upstream components affect its performance in two distinct ways:
(a) flow-field thermodynamic and momentum distortion; (b) boundary layer ingestion.
There has been a vast amount of research effort made in the past to predict the impact of the flow-field distortion on compressor performance. References [1] to [3] are just a few citations in the field. Compressor key design variables such as blade lean angle [4, 5] have also been assessed on the basis of their impact on compressor performance.
The current paper addresses the effect of the blade lean angle on an axial compressor performance as well as the compressor's response to the blockage introduced by the ingested boundary layer. These effects are first examined separately against reference data. Subsequently, their superimposed impact is compared with their cumulative impact on compressor performance.
The work was carried out using SOCRATES, a twodimensional (2D) streamline curvature (SLC)-based, compressor performance prediction and design tool. Given the character of the tool, a fast in-viscid flow solver incorporating phenomenological models, only qualitative values of the results can be appreciated. Nonetheless, it remains a valuable tool as it indicates compressor performance trends during the preliminary design phase, thus providing designers with important information for compressor candidate design refinement.
SLC METHOD
SLC is a well-established through-flow calculation method, having its origin back to the early 1950s [6] . It combines the low computational time for convergence due to the nature of the flow being considered (compressible, in-viscid, 2D flow) with results of adequate engineering accuracy, depending on the set of phenomenological models being used. Flow solvers based on this method, and similar through-flow calculation methods, nowadays gain increasing attention as they tend to substitute traditional zero-dimensional tools for compressor preliminary design.
A through-flow solver belongs to the category of SLC solvers when it solves the radial equilibrium equation (REE) stemming from the application of Newton's second law of motion along a particular direction on a differential flow volume of an in-viscid flow. SLC solvers ended up to consist of a category of such methods on their own, because there were several deviations concerning the solution grid definitions, the parallel use of other fundamental laws, the form of the REE, and even the mathematical solution scheme. A more profound insight into SLC method and its derivatives is given in reference [7] .
SIMULATION TOOL
The 2D SLC Compressor Software [7] [8] [9] [10] , precursor of SOCRATES, was used as the flow-field simulation tool. It solves the following general form of the REE
which is basically a second-order linear differential equation with respect to the meridional velocity of the following form
where the constants A, B, and C are as follows
Concerning the current version of the code, the following features have been incorporated: 
CASE STUDY

Geometry definition
The current case study is based on the compressor geometry given in NASA TP 1493 report [11] . It concerns a two-stage axial fan ( Fig. 3 and Table 1 ).
The fan is fitted with a generic divergent intake duct, with an area ratio of 0.7 and a total length of 26 cm ( Fig. 4 ).
Solution scheme
The REE is solved over the boundaries of each blade row (blade leading and trailing edges), as well as along quasi-orthogonal paths within the duct, in order to determine a meridional radial velocity distribution. During the first iteration and before the flow-field calculation starts, there exists an assumed velocity distribution throughout the compressor as well as a distribution of thermodynamic properties. Consequently, subroutines containing phenomenological models can run individually on a separate module to produce a set of empirical factors, which are then fed to the next iteration. In Fig. 5 , the initial computational grid is demonstrated.
A set of boundary conditions (total temperature, total pressure, absolute Mach number, and absolute flow angle) is specified at the intake throat. There are no specific boundary conditions specified at the compressor outlet plane. The position of streamlines is fixed across the inlet plane. Varying the inlet Mach number distribution, a range of mass flow values may be obtained along a constant speed line. Finally, an extra boundary condition is specified: the blockage factor value that accounts for the boundary layer ingested into the intake.
Case study phenomenological models
As mentioned in section 3, all necessary input data for the empirical models are readily available in-between iterations. The development of the code from now on is split into two parallel modules. The first one deals with the in-viscid flow calculation and the second one consisting of a standalone separate module, thus providing the in-viscid solver with the empirical factors to introduce the viscous nature of the flow. In solution, it should be mentioned that each empirical model package should be complete in terms of viscous effects description, as the in-viscid part of the code will only use one such package during execution. The code had to be structured in such a way because there is not a universally acceptable bookkeeping system of losses. In other words, phenomenological models modules cannot exchange specific models (the profile loss model, for instance, between two different modules) in order to avoid confusions.
Concerning the current case study, the phenomenological models module contains the following set of empirical models.
For the blade incidence minimum loss calculation,
Lieblein's approach is adopted [12] . 2. For the blade minimum loss deviation calculation, Carter's rule was used [13] . 3. The off-design deviation angle was calculated according to Creveling and Carmody [14] . 4. For the determination of losses, the approach given by Miller et al. [15] was adopted. According to Miller et al., it is assumed that the total pressure loss of the blade row is the result of the interaction of different loss components, i.e. profile losses, secondary losses, and shock losses, which are considered to act through independent mechanisms. Each mechanism is reflected by a corresponding loss factor, and the total loss factor is given by their sum. The blade profile loss is determined according to Swan's model [16] , the shock losses are calculated as described by Schwenk et al. [17] , and the secondary losses are determined according to Griepentrog's approach [18] . 5. End-wall boundary layer calculations for both the bladed and bladeless space are performed according to the model described in reference [19] . Table 2 summarizes the boundary conditions of the case study under consideration. Radial distribution for all the parameters is assumed to be constant as the impact of radially distorted conditions at the intake throat plane does not interest the current study. The Mach number range is determined by establishing a safe mass flow window well between chocking and surge boundaries. The compressor speed was held constant in all cases and equal to approximately 8000 r/min. A part load condition has been selected, given the fact that this is a very demanding case scenario from the simulation point of view. The blockage factor range was taken to be quite wide in order to cover any extreme case of boundary layer separation owing to shock presence, steep climb conditions, and so on. Additionally, the study aimed at addressing the qualitative response of the compressor, and it did not necessarily refer to an actual case. Finally, the compressor blade lean angle was varied from 5 • Fig. 6 for lean angle definition). In all cases, the theoretical reference data are considered to be the case of 0 • lean angle and a blockage factor of 1 (no blockage).
Case study set-up
Case study's solver validation
The solver has been validated against radial meridional velocity profiles for both viscid and in-viscid operating modes. The experimental reference results were taken from NASA TP 1493 report [11] for the setting of around 8000 r/min. In order to validate the in-viscid operating mode, the loss factors appearing in the experimental set of data were used, thus excluding the phenomenological models' effects from the simulation (Figs 7 and 8) .
As a second step, the loss factors were calculated according to the models presented earlier, and the corresponding results regarding the meridional velocity profiles are presented in Figs 9 and 10. The first row stator loss factors (Fig. 11 ) are shown as an indicative case as to how calculated and experimental values compare with each other. The comparison shows an adequate agreement, especially in the mid-span blade region. The great deviations spotted at the far extreme points at the blade root and tip regions are due to the fact that measured values come from within the boundary layer where profile loss models usually perform the worse.
Fig. 11
Loss factor comparison -first stage stator
As far as the in-viscid mode is concerned, it can be seen that agreement between calculated and experimental meridional velocity profiles is very satisfactory. The quantitative trends are captured at all positions, including the sharp turns on the velocity curves, which usually cause convergence instabilities. Concerning the performance of the set of phenomenological models, despite the fact that the compressor is simulated away from the design point, results were also satisfactory. The biggest deviations between the two profiles were recognized to be at the leading and trailing edges of the last stator. This does not necessarily mean that the models perform the worst over the last compressor blade row. Certain percentage of the mismatch comes as a cumulative error of the upstream rows.
Convergence time for both cases did not exceed 30 s for a 21 streamline setting and an error tolerance for stream-tube mass flow at the level of 10 −4 . The total number of iterations (an iteration here is defined as a complete calculation throughout the compressor) in the first case was 8, whereas for the second case in which the loss factors were calculated by the phenomenological models module, the code needed 13 iterations before convergence was achieved. The code runs on a core duo Pentium, 1.8 MHz processor.
DISCUSSION OF THE RESULTS
Lean angle variation
The lean angle was varied in the circumferential direction as shown in Fig. 6 . Backward leaning is defined when the suction surface is facing the end wall. The lean angle was set to 5 • for both cases, a constant value for all blade rows. The reference line for this case was the compressor performance for zero lean angle (unleaned blades). Mass flow was again varied through the intake throat Mach number variation over the same range as it was done for the case of blockage factor variation. A thorough study concerning the Fig. 12 Compressor characteristic -pressure ratio for lean angle variation Fig. 13 Compressor characteristic -polytropic efficiency for lean angle variation effect of blade lean angle on a transonic fan is given in reference [5] . Compressor setting, number of streamlines, and stream-tube mass flow tolerances were the same as in the case of blockage factor variation. The total number of iterations and convergence times were also the same. The results are demonstrated in Figs 12 and 13. Qualitative trends of the pressure ratio curves were in accordance to those given by Denton and Xu [5] , produced for an axial fan by a three-dimensional multi-stage viscous solver. Forward leaning caused a reduction in pressure ratio, being much more pronounced than the corresponding increase caused in pressure ratio, by the opposite lean angle setting. Deviations of efficiency curves are expected to more from blade loading alternations, based on flow turning. In this specific case, backward lean did not push the compressor to operate in the area of increased profile losses. On the contrary, forward leaning demonstrated a reduction in efficiency over the entire mass flow range, which is magnified in higher pressure ratios where velocities are also higher.
Blockage factor variation
The blockage factor at the intake throat was varied from 1 to 0.96. The Mach number over the same plane was varied from 0.5 to 0.7 to obtain the range of mass flows appearing on the graphs (Figs 14 and 15 ). Calculation without flow blockage (blockage factor equal to 1) is used as the reference line. The pressure ratio at a certain mass flow setting is eventually reduced owing to the higher axial velocities caused by the reduced flow area. The simulation was not pushed towards the surge region of the map, as it was not a subject of interest for the current study.
Another qualitative remark worth mentioning is that the range of pressure ratios at the left end of the curves is narrower than that at the right end. This can be justified by the great variation in polytropic efficiency at higher mass flows. It should be barred in mind that losses at these compressor settings, in which Mach numbers are well below the critical value, are principally due to profile losses. A higher velocity variation caused at higher mass flows is mainly responsible for Compressor characteristic -polytropic efficiency for blockage factor variation the deviation of the efficiency curves. In all cases, variations in pressure ratio did not exceed 5 per cent reduction.
Convergence was achieved after 13 to maximum 33 iterations depending on the case, demonstrating a maximum convergence time of not more than 1 min on a core duo Pentium, 1.8 MHz processor. Twenty-one streamlines were used to cover the compressor annulus, and the convergence tolerance for the stream-tube mass flows was set to 10 −4 .
Combined lean angle blockage effect
The last section of this blockage factor -lean angle parametric study -regards the additive and the cumulative effects of the above-mentioned parameters. Figure 16 demonstrates the pressure ratio versus mass flow trends of the following two cases:
(a) based on the results of two independently examined cases, 0.98 blockage factor, and 5 • of forward leaning, the 'additive' curve was drawn by simply adding algebraically the differences that each case demonstrated from the datum case (blockage factor equal to 1 and lean angle equal to 0 • ); (b) the 'cumulative' curve coming as a direct output of SOCRATES for 0.98 blockage factor and 5 • backward leaned blades.
The values of blockage factor and lean angle were chosen under the criterion of anticipating the flow blockage effect by the leaning of the blades. The important conclusion that can be drawn from this study is that for the 'cumulative' case, the pressure ratio gained by the leaned blades was slightly lower than what one would expect by simply adding the differences. However, differences were generally marginal, meaning that as far as these two effects are concerned, they can 
CONCLUSIONS
The current study was based on an experimental twostage fan running at approximately 8000 r/min, fitted downstream of an axi-symmetric divergent duct. The study aimed at investigating both the independent and the cumulative effects of an axial compressor blade lean angle variation against the flow blockage generated by an upstream duct. Simulations were conducted using SOCRATES, a 2D SLC compressor software, an in-viscid 2D flow solver incorporating phenomenological models. Both modules, the solver and the models, were validated against experimental data on a radial meridional velocity profile basis. Boundary conditions were applied at the upstream duct inlet section for all the simulation cases. The Mach number covered from 0.5 to 0.7, and the blade span was described by 21 streamlines in total. The main conclusions drawn from this study were as follows.
1. Validation of the 'in-viscid' part of the code demonstrated a satisfying qualitative and quantitative agreement. 2. Validation of the specific phenomenological models module proved that it is adequate for capturing qualitative trends, but actual velocity values, especially close to the blade outer regions (hub and tip), deviated quite substantially. 3. The blockage factor caused a reduction in both pressure ratio and efficiency. Those trends were more pronounced at the high mass flow end of the curves. 4. Backward leaning proved to be slightly favourable in terms of pressure ratio, whereas forward leaning had the opposite and much more pronounced effect. 5. The detrimental effect on compressor pressure ratio owing to intake boundary layer ingestion can be counteracted by backward blade lean.
Blade lean angle variations and upstream boundary layer ingestion, as far as the compressor performance is concerned, can be addressed separately and then the corresponding effects can be added algebraically.
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